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Abstract
The nuclear cross sections for charged lepton production induced by β beam neutrinos (antineutrinos) in 16O have been presented at intermediate
energies corresponding to the Lorentz boost factor γ < 250(150). The calculations for quasielastic lepton production includes the effect of
Pauli blocking, Fermi motion and renormalization of weak transition strengths in the nuclear medium. The calculations for the inelastic lepton
production is done in the Δ dominance model. The renormalization of Δ properties in a nuclear medium and final state interactions of pions
with the final nucleus are taken into account. The results may be useful in performing feasibility studies for the future CERN-FREJUS base line
neutrino oscillation experiments.
© 2006 Elsevier B.V.
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Open access under CC BY license.Neutrino experiments done with atmospheric [1], accelera-
tor [2], reactor [3] and solar [4] neutrinos provide evidence for
neutrino oscillations. In a three flavor oscillation scenario for
the Dirac neutrinos, the three neutrino masses (mi , i = 1,2,3)
and mixing angles θ (iij = j = 1,2,3) and a CP violating phase
δ have to be determined. The present experiments provide lim-
its on m212, θ12, m
2
23 and θ23, while the mixing angle θ13
is poorly determined and the δ phase is still unknown. In ad-
dition, the hierarchal structure of m2ij and the absolute scale
of neutrino masses have also to be determined. The high pre-
cision neutrino experiments to be performed in the future are
expected to improve the present limits on the various parame-
ters of three flavor neutrino oscillation phenomenology. For the
purpose of future long base line neutrino oscillation experi-
ments, new sources of neutrino beams like neutrino factories
[5], superbeams [6] and β-beams [7] have been proposed. One
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Open access under CC BY license.of these sources, the β-beams, provide a source of pure sin-
gle flavor, well collimated and intense neutrino (antineutrino)
beams with a well defined energy spectrum obtained from the
β-decay of accelerated radioactive ions boosted by a suitable
Lorentz factor γ . The radioactive ion and the Lorentz boost fac-
tor γ can be properly chosen to provide the low energy [8–13],
intermediate and high energy [14–21] neutrino beams accord-
ing to the needs of a planned experiment.
In the feasibility study of β-beams, 6He ions with a Q value
of 3.5 MeV and 18Ne ions with a Q value of 3.3 MeV are con-
sidered to be the most suitable candidates to produce antineu-
trino and neutrino beams [22]. The possibility of accelerating
these ions using the existing CERN-SPS, upto its maximum
power enabling it to produce beta beams with γ = 150(250)
for He( Ne) ions has been discussed in the literature6 18 [15],
[18] which may be used to plan a base line neutrino experi-
ment at L = 130 km to the underground Frejus laboratory with
the 440 kT water Cerenkov detector [14–16]. The feasibility of
such an experimental setup and its response to β-beam neutri-
nos corresponding to various values of the Lorentz boost factor
γ has been studied by Autin et al. [22]. In the range of high
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mixing angle θ13 and the CP violating phase angle δ [17]. In
addition, such a facility is also expected to provide the low en-
ergy neutrino nuclear cross sections corresponding to very low
γ , which may be useful in calibrating various detectors planned
for the observation of supernova neutrinos [8,12] and neutrino-
less double β-decay [13].
In this Letter, we discuss the nuclear response for the β-
beam neutrinos (antineutrinos) of intermediate energy corre-
sponding to the various values of γ discussed in the literature.
In particular, we study the neutrino nucleus interaction cross
sections in 16O for β-beam neutrino (antineutrino) energies
corresponding to the Lorentz boost factor γ in the range of
60 < γ < 250(150). The energy spectrum of β-beam neutri-
nos (antineutrinos) from 18Ne(6He) ion source in the forward
angle (θ = 0◦) geometry, corresponding to the Lorentz boost
factor γ is given by [10]:
Φlab(Eν, θ = 0) = Φcm(Eνγ [1 − β])
γ [1 − β] ,
(1)Φcm(Eν) = bE2νEepeF (Z′,Ee)Θ(Ee − me).
In the above equation b = ln 2/m5ef t1/2 and Ee(= Q − Eν),
pe are the energy and momentum of the outgoing electron,
Q is the Q value of the beta decay of the radioactive ion
A(Z,N) → A(Z′,N ′)+ e−(e+)+ ν¯e(νe) and F(Z′,Ee) is the
Fermi function. In Fig. 1, we show the representative spec-
tra for neutrinos (antineutrinos) corresponding to the Lorentz
boost factor γ = 250(150). In this energy region the domi-
nant contribution to the charged lepton production cross section
comes from the quasielastic reactions. However, the high en-
ergy neutrinos corresponding to the tail of an energy spectrum,
specially for higher γ (see Fig. 1), can contribute to the inelas-
tic production of charged leptons through the excitation of the
Δ-resonance. In addition to the genuine inelastic production of
the charged leptons which will be accompanied by the pions,
the neutral current induced inelastic production of π0 without
any charged lepton in the final state can mimic the quasielas-
tic production of charged leptons in which one of the photons
from the π0 decays is misidentified as a signature of the quasi-
elastic electron production. We, therefore, study the quasielastic
Fig. 1. Neutrino (solid line) energy spectrum obtained with 18Ne boosted at
γ = 250 and antineutrino (dashed line) energy spectrum obtained with 6He
boosted at γ = 150.and the inelastic production of charged leptons induced by the
charge current. We also study the neutral current induced pro-
duction of π0 which gives major contribution to the background
of the electron production in the quasielastic reactions induced
by neutrinos and antineutrinos.
The cross section for quasielastic charged lepton produc-
tion for the process νe + 16O → e− + 16F is calculated in
a local density approximation using the standard model La-
grangian for the weak interaction using Budd, Bodek and Ar-
rington (BBA03) [23] weak nucleon axial vector and vector
form factors with MA = 1.05 GeV and MV = 0.84 GeV. The
Fermi motion and Pauli blocking effects in nuclei are included
through the imaginary part of the Lindhard function for parti-
cle hole excitations in the nuclear medium. The renormalization
of weak transition strengths, which are quite substantial in the
spin–isospin channel, are calculated in the random phase ap-
proximation (RPA) through the interaction of p–h excitations as
they propagate in the nuclear medium using a nucleon–nucleon
potential described by pion and rho exchanges. The effect of
Coulomb distortion of the electron in the field of the final nu-
cleus is also taken into account by using a local version of the
modified effective momentum approximation [24,25]. The de-
tails of the formalism and the relevant expressions for the cross
section are given in Refs. [25,26].
The cross section for inelastic charged lepton production for
the process νe(ν¯e) + 16O → e−(e+) + πα + X, where α is the
charge state of the pion, is calculated in the Δ dominance model
using a local density approximation. The sequential produc-
tion of pions through the excitation of the Δ resonance and its
subsequent decay in pions through the Δ → Nπ process is con-
sidered. The Δ resonance is described by a Rarita Schwinger
field and the matrix element for the Δ excitation is written us-
ing the weak NΔ transition form factors which are determined
from the analysis of the data available on the photo-, electro-
and neutrino-excitation of the Δ resonance. The use of CVC
along with the experimental data on electromagnetic excitation
of the Δ is used for determining the vector form factors while
the hypothesis of PCAC along with the experimental data on
neutrino excitation of Δ from νμ − d reactions have been used
to determine the axial vector form factors. The matrix elements
and the form factors have been discussed in Refs. [27,28]. The
effect of a nuclear medium on the width and mass of the Δ
is included in a model where the self energy of the Δ in nu-
clear medium is calculated in a local density approximation [27,
29]. The final state interaction of pions with the final nucleus is
described by using energy dependent pion absorption probabil-
ity provided by Vicente Vacas [30,31]. This formalism is also
applied to calculate the neutral current induced π0 production
process i.e. νe + 16O → νe +π0 +X in order to study the major
source of background to the quasielastic charged lepton events
[16].
The numerical calculations for the total cross section σ(Eν)
in 16O have been made using the 3-parameter Fermi density
ρ(r) given by [32]:
ρ(r) = ρ0
(
1 + wr
2
c2
)/(
1 + exp
(
r − c
z
))
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results have been presented in Figs. 2 and 3 for the neutrino
and the antineutrino reactions. We see from Fig. 2 that for the
neutrino reactions, the charged lepton production is dominated
by the quasielastic production and the inelastic charged lepton
production becomes comparable only around Eν ∼ 1.5 GeV.
The neutral current inelastic production of π0 is small and is
about 12–15% of the quasielastic charged lepton production in
the energy range of 0.8 GeV < Eν < 1.0 GeV. Therefore, the
background to the quasielastic lepton events due to the neu-
tral current π0 production is expected to be important only at
high γ (for example γ = 250) where it could be around 15%
corresponding to the average neutrino energies Eν ∼ 1.0 GeV.
Qualitatively, similar results are obtained for the antineutrino
reactions and are shown in Fig. 3.
We would like to emphasize that nuclear medium effects
play an important role in reducing the cross sections specially
for the quasielastic charged lepton production in the low en-
ergy region. For example, we find that with the Pauli blocking
and the Fermi motion of the nucleons in the nucleus the cross
sections reduce from the free case by 30% at Eνe = 200 MeV,
15% at Eνe = 400 MeV, 10% at Eνe = 750 MeV and around
9% at Eνe = 1.0 GeV. When the RPA correlation in the nu-
Fig. 2. Total cross section σ(Eνe ) vs Eνe for the neutrino reaction in 16O for the
quasielastic (solid line), inelastic charged lepton production processes (dashed
line), and inelastic neutral current production of π0 (dotted line).
Fig. 3. Total cross section σ(Eν¯e ) vs Eν¯e for the antineutrino reaction in 16O
for the quasielastic (solid line), inelastic charged lepton production processes
(dashed line), and inelastic neutral current production of π0 (dotted line).clear medium is also taken into account there is a total reduction
of 60% at Eνe = 200 MeV, 40% at Eνe = 400 MeV, 26% at
Eνe = 750 MeV and around 23% at Eνe = 1.0 GeV. In the case
of inelastic charged lepton production, we find that when nu-
clear medium modification effects on the Δ properties are taken
into account, the cross section reduces by around 15% for en-
ergies Eνe = 0.5–1.0 GeV as compared to the cross sections
calculated without the medium modification effects. When the
final state interaction of pions with the residual nucleus is taken
into account there is a further reduction in the cross section
which leads to a total reduction of around 40% for the neutrino
energies Eνe = 0.5–1.0 GeV. Similar results are also obtained
for the neutral current π0 production.
The effect of nuclear medium on neutrino induced quasi-
elastic production of leptons from 16O in the intermediate en-
ergy region of present interest has been studied by many other
authors [26] and [33–37] and our results for total cross sections
presented in Figs. 2 and 3 are in qualitative agreement with the
results of Valverde et al. [26], Gaisser and O’Connell [34], and
Marteau [35] but are smaller than the results of Maieron et al.
[37]. In the case of inelastic neutrino lepton production induced
by charged currents in this energy region, the effect of nuclear
medium and final state interactions has been studied earlier by
some authors [27,35,38,39]. The results presented here for nu-
clear medium effects in the total cross sections corresponding to
the charged current inelastic lepton production and the neutral
current pion production are consistent with our earlier results
[27] and the ones of Marteau [35] and Kim et al. [38]. We can-
not compare our results to those of Paschos and collaborators
[39] because they present results for the momentum and angu-
lar distributions and do not report results on total cross sections.
We have also calculated the total cross sections for the co-
herent production of charge and neutral current pions in this
energy region and find that the cross sections are quite small as
compared to the incoherent production cross sections presented
here. This has been discussed in Refs. [40,41] where the the-
oretical results for the coherent production of pions have been
found to be in reasonable agreement with the preliminary exper-
imental results reported by the K2K [42] and the MiniBooNE
[43] Collaborations. Therefore, the coherent pion productions
are not expected to give any significant contribution to the num-
ber of charged lepton events in this energy region.
In order to estimate the relative contribution of the quasi-
elastic and the inelastic production of charged leptons and also
the background to the quasielastic events due to the neutral cur-
rent induced neutral pion production at a far detector in a base
line experiment, we have calculated the flux averaged cross sec-
tion 〈σ 〉 defined as
(2)〈σ 〉 =
∫∞
0 dEν Φlab(Eν, θ = 0)σ (Eν)∫∞
0 dEν Φlab(Eν, θ = 0)
for the neutrino and the antineutrino energies. This is relevant
for the future CERN-FREJUS base line experiments which can
be done with the present CERN-SPS and have been discussed
in the literature [15–17]. The forward angle approximation for
the neutrino flux used in Eq. (2) to calculate the total cross sec-
tion is quite good for a far detector specially for higher values
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Cross sections 〈σ 〉νe averaged over the β beam neutrino spectrum for var-
ious Lorentz boost factor γ (column I) and corresponding average energies
of neutrinos (column II). Columns III and IV give the total cross sections for
the quasielastic and the inelastic charged lepton production processes and col-
umn V gives the total cross section for the inelastic neutral current production
of π0
〈σ 〉νe in 10−40 cm2
γ 〈Eνe 〉 〈σ 〉ccqe 〈σ 〉ccinel 〈σ 〉ncinel
60 226 131 0.87 0.24
75 282 199 6.3 1.7
100 376 307 33 9
150 564 468 131 35.3
200 752 563 238 64
250 940 617 331 88.7
Table 2
Cross sections 〈σ 〉ν¯e averaged over the β beam antineutrino spectrum for var-
ious Lorentz boost factor γ (column I) and corresponding average energies of
antineutrinos (column II). Columns III and IV are give the total cross sections
for the quasielastic and the inelastic charged lepton production processes, while
column V gives the total cross section for the inelastic neutral current produc-
tion of π0
〈σ 〉ν¯e in 10−40 cm2
γ 〈Eν¯e 〉 〈σ 〉ccqe 〈σ 〉ccinel 〈σ 〉ncinel
60 232 33.2 0.0855 0.028
75 290 46.6 1.2 0.38
100 387 69 7.2 2.2
150 580 111 32 9.5
of the Lorentz factor γ . Quantitatively, we find that the con-
tribution to the total cross section from non-zero θ flux i.e.
Φlab(Eν, θ = 0) is about 5% for γ = 60 and reduces to less
than 1% for γ = 250. In Tables 1 and 2, we show the results
of the flux averaged cross section 〈σ 〉 for neutrino and antineu-
trino reactions for various values of the Lorentz boost factor γ
where we can see the relative contributions of the cross sec-
tions for quasielastic and inelastic production of leptons along
with the cross sections for neutral current induced production
of neutral pions which is the major source of background to the
quasielastic events at intermediate energies.
To summarize, we have presented in this Letter the numer-
ical results for the charged current lepton production induced
by β-beam neutrinos (antineutrinos) in 16O, calculated in a lo-
cal density approximation which takes into account the nuclear
medium effects. The calculations have been done for the quasi-
elastic production of charged leptons using RPA and the inelas-
tic production of charged leptons using Δ dominance model.
The renormalization of the Δ properties in a nuclear medium is
included through the self energy of the Δ in the nuclear medium
calculated in a local density approximation. The neutral current
induced neutral pion production, which constitutes the major
background to the quasielastic charged lepton events, is also
calculated in this model.
Acknowledgements
We would like to thank M.J. Vicente Vacas for providing
the pion absorption probabilities and H. Arenhoevel for read-ing the manuscript.The work is supported by the Department of
Science and Technology, Government of India under the grant
DST Project No. SP/S2K-07/2000. One of the authors (S. Ah-
mad) would like to thank CSIR for the financial support.
References
[1] Y. Fukuda, et al., Phys. Rev. Lett. 81 (1998) 1562;
P. Adamson, et al., MINOS Collaboration, Phys. Rev. D 73 (2006) 072002,
hep-ex/0512036;
W.W.M. Allison, et al., Soudan-2 Collaboration, Phys. Rev. D 72 (2005)
052005;
Y. Ashie, et al., Phys. Rev. D 71 (2005) 112005.
[2] M.H. Ahn, et al., K2K Collaboration, Phys. Rev. Lett. 90 (2003) 041801;
Y. Oyama, et al., KEK Collaboration, hep-ex/0512041.
[3] K. Eguchi, et al., KamLAND Collaboration, Phys. Rev. Lett. 90 (2003)
021802.
[4] S. Fukuda, et al., Phys. Rev. Lett. 86 (2001) 5651;
Q.R. Ahmed, et al., Phys. Rev. Lett. 89 (2002) 011301;
Q.R. Ahmed, et al., Phys. Rev. Lett. 89 (2002) 011302;
J. Hosaka, et al., Phys. Rev. D 73 (2006) 112001, hep-ex/0508053.
[5] S. Geer, Phys. Rev. D 57 (1998) 6989;
A. De Rujula, M.B. Gavela, P. Hernandez, Nucl. Phys. B 547 (1999) 21;
M. Apollonio, et al., hep-ex/0210192;
J.J. Gomez-Cadenas, D.A. Haris, Annu. Rev. Nucl. Part. Sci. 52 (2002)
53;
M. Aoki, Y. Iwashitaa, M. Kuze, Nucl. Phys. B (Proc. Suppl.) 149 (2005)
411;
A. Blondel, Eur. Phys. J. A 24S2 (2005) 183.
[6] Y. Itow, et al., Nucl. Phys. B (Proc. Suppl.) 111 (2002) 146;
A. Para, M. Szleper, hep-ex/0110032;
D. Ayres, et al., hep-ex/0210005;
Milind, V. Diwan, hep-ex/0407047.
[7] P. Zucchelli, Phys. Lett. B 532 (2002) 166.
[8] C. Volpe, J. Phys. G 30 (2004) L1.
[9] C. Volpe, hep-ph/0605033.
[10] J. Serreau, C. Volpe, Phys. Rev. C 70 (2004) 055502;
C. Volpe, Nucl. Phys. B (Proc. Suppl.) 155 (2006) 97.
[11] G.C. McLaughlin, Phys. Rev. C 70 (2004) 045804;
G.C. McLaughlin, C. Volpe, Phys. Lett. B 591 (2004) 229.
[12] N. Jachowicz, G.C. McLaughlin, Phys. Rev. Lett. 96 (2006) 172301;
N. Jachowicz, G.C. McLaughlin, Eur. Phys. J. A 27S1 (2006) 41.
[13] C. Volpe, J. Phys. G 31 (2005) 903.
[14] M. Mezzetto, J. Phys. G 29 (2002) 1781.
[15] M. Mezzetto, Nucl. Phys. B (Proc. Suppl.) 149 (2005) 179.
[16] M. Mezzetto, Nucl. Phys. B (Proc. Suppl.) 155 (2006) 214, hep-
ex/0511005.
[17] J. Burguet-Castell, D. Casper, E. Couce, J.J. Gomez-Cadenas, P. Hernan-
dez, Nucl. Phys. B 725 (2005) 306, hep-ph/0503021.
[18] J. Burguet-Castell, D. Casper, J.J. Gomez-Cadenas, P. Hernandez, Nucl.
Phys. B 695 (2004) 217.
[19] A. Donini, et al., Nucl. Phys. B 710 (2005) 402.
[20] P. Huber, M. Lindnez, M. Rolinec, W. Winter, Phys. Rev. D 73 (2006)
053002, hep-ph/0506237.
[21] F. Terranova, A. Marotta, P. Migliozzi, M. Spinetti, Eur. Phys. J. C 38
(2004) 69.
[22] B. Autin, et al., J. Phys. G 29 (2003) 1785.
[23] H. Budd, A. Bodek, J. Arrington, hep-ex/0308005.
[24] J. Engel, Phys. Rev. C 57 (1998) 2004.
[25] S.K. Singh, E. Oset, Phys. Rev. C 48 (1993) 1246;
M. Sajjad Athar, S. Ahmad, S.K. Singh, Phys. Rev. C 71 (2005) 045501;
M. Sajjad Athar, S. Ahmad, S.K. Singh, Nucl. Phys. A 764 (2006) 551.
[26] M. Valverde, J.E. Amaro, J. Nieves, Phys. Lett. B 638 (2006) 325;
J. Nieves, J.E. Amaro, M. Valverde, Phys. Rev. C 70 (2004) 055503.
[27] S.K. Singh, M.J. Vicente Vacas, E. Oset, Phys. Lett. B 416 (1998) 23;
S.K. Singh et al. / Physics Letters B 641 (2006) 159–163 163M. Sajjad Athar, S. Ahmad, S.K. Singh, Eur. Phys. J. A 24 (2005) 459.
[28] O. Lalakulich, E.A. Paschos, Phys. Rev. D 71 (2005) 074003;
O. Lalakulich, E.A. Paschos, G. Piranishivili, hep-ph/0602210.
[29] E. Oset, L.L. Salcedo, Nucl. Phys. A 468 (1987) 631;
C. Garcia-Recio, E. Oset, L.L. Salcedo, D. Strottman, M.J. Lopez, Nucl.
Phys. A 526 (1991) 685.
[30] M.J. Vicente Vacas, private communication.
[31] E. Oset, D. Strottman, Phys. Rev. C 42 (1990) 2454;
L.L. Salcedo, E. Oset, M.J. Vicente Vacas, C. Garcia-Recio, Nucl. Phys.
A 484 (1988) 557;
M.J. Vicente Vacas, M. Kh Khankhasaev, S.G. Mashnik, nucl-th/9412023.
[32] H. de Vries, C.W. de Jager, C. de Vries, At. Data Nucl. Data Tables 36
(1987) 495.
[33] R.A. Smith, E.J. Moniz, Nucl. Phys. B 43 (1972) 605.
[34] T.K. Gaisser, J.S. O’Connell, Phys. Rev. D 34 (1986) 822.
[35] J. Marteau, Eur. Phys. J. A 5 (1999) 183;
J. Marteau, J. Delorme, M. Ericson, Nucl. Instrum. Methods A 451 (2000)
76.[36] O. Benhar, N. Farina, H. Nakamura, M. Sakuda, R. Seki, Phys. Rev. D 72
(2005) 053005, hep-ph/0506116.
[37] C. Maieron, M.C. Martinez, J.A. Caballero, J.M. Udias, Phys. Rev. C 68
(2003) 048501.
[38] H.C. Kim, S. Schramm, C.J. Horowitz, Phys. Rev. C 53 (1996) 2468.
[39] E.A. Paschos, J.Y. Yu, M. Sakuda, Phys. Rev. D 69 (2004) 014013;
E.A. Paschos, L. Pasquali, J.Y. Yu, Nucl. Phys. B 588 (2000) 283;
J.Y. Yu, E.A. Paschos, D.P. Roy, I. Schienbein, Phys. Lett. B 574 (2003)
232.
[40] S.K. Singh, M. Sajjad Athar, Shakeb Ahmad, Phys. Rev. Lett. 96 (2006)
241801.
[41] E.A. Paschos, A. Kartavtsev, hep-ph/0512139.
[42] C.M. Mauger, Ph.D. Thesis, SUNY at Stony Brook, 2002;
S. Nakayama, Nucl. Phys. B (Proc. Suppl.) 139 (2005) 41;
M. Hasegawa, et al., Phys. Rev. Lett. 95 (2005) 252301.
[43] J.L. Raaf, Ph.D. Thesis, Fermilab-Thesis-2005-20, 2005.
